Advanced prostate cancer is responsive to hormone therapy that interferes with androgen receptor (AR) signalling. However, the effect is short-lived, as nearly all tumours progress to a hormone-refractory (HR) state, a lethal stage of the disease. Intuitively, the AR should not be involved because hormone therapy that blocks or reduces AR activity is not effective in treating HR tumours. However, there is still a consensus that AR plays an essential role in HR prostate cancer (HRPC) because AR signalling is still functional in HR tumours. AR signalling can be activated in HR tumours through several mechanisms. First, activation of intracellular signal transduction pathways can sensitize the AR to castrate levels of androgens. Also, mutations in the AR can change AR ligand specificity, thereby allowing it to be activated by non-steroids or anti-androgens. Finally, overexpression of the wild-type AR sensitizes itself to low concentrations of androgens. Therefore, drugs targeting AR signalling could still be effective in treating HRPC.
Introduction
Advanced prostate cancer is initially hormone sensi tive (HS) and can be effectively treated. The most common treatment option is hormone therapy, which is initiated by reducing the concentration of circulating androgens through surgical or medical castration [1] and/ or by administering anti-androgens such as flutamide or bicalutamide [2] . However, after an average of 12-18 months, almost all patients begin to fail the treatment and show the emergence of hormone-refractory (HR) disease ( Figure 1) . Clinically, the appearance of HR prostate cancer (HRPC) is detected by an increasing prostatespecific antigen (PSA) level either alone, in asymptomatic patients, or with widespread metastases [3] .
Hormone therapy targets the androgen receptor (AR) because androgen-AR signalling is required for growth and survival of hormone-sensitive prostate cancer (HSPC) cells. The AR is an androgen-activated transcription factor and a member of the steroid receptor subfamily of the nuclear receptors. The human AR is a protein of 919 amino acids in length that consists of four functionally independent domains, including the N-terminal domain, the central DNA-binding domain, the hinge region and the C-terminal domain ( Figure 2A ). Testosterone (T), which is produced mainly in the testes, and its more potent metabolite dihydrotestosterone (DHT) are androgens that bind and activate the AR [4] . The androgen-bound AR (liganded-AR) dissociates from the heat shock protein chaperone complex, exposes the nuclear localization signal and translocates from the cytoplasm to the nucleus through interaction with the importins [5] . Through the central DNA-binding domain, the liganded-AR binds to the AR response elements (AREs) that are located in the promoter or enhancer of its target genes, resulting in transcriptional activation ( Figure 2B ). Two regions of the AR are responsible for transcriptional activation: activation function 1 (AF1) and activation function 2 (AF2) [6, 7] . AF1, located at the N-terminus, contributes to most of the AR-mediated transcriptional activation. AF2, located at the C-terminus, has a weak transcriptional activation function. Both castration and administration of anti-androgens block androgen-AR signalling and inhibit AR transcriptional activity. Castration inhibits AR transcriptional activity by reducing the concentration of the ligands. Surgical castration removes the testes, which is the major T-producing organ. Therefore, this surgery reduces the supply of androgens. Medical castration uses luteinizing hormone-releasing hormone (LHRH) agonists/antagonists or estrogens to modulate the function of the hypothalamic-pituitary-gonadal axis, which is required for the production of T by the testes. This treatment also reduces the production of androgens. Antiandrogens inhibit AR transcriptional activity through direct competition with androgen binding.
A growing body of literature indicates that the AR plays a causative role in progression of prostate cancer. An important indicator for the emergence of HRPC is an increasing PSA concentration in patients after hormone therapy [3] . As PSA expression is tightly regulated by the AR, an increasing PSA level means that the AR is activated in HRPC tumours. Consistent with this idea, expression levels of AR-regulated genes are maintained in HRPC cells [8] . Other lines of evidence also support the idea that the AR or AR signalling is important in progression of prostate cancer. For example, about one-third of patients who progress on hormone therapy respond to second-and third-line hormonal treatments [9] , indicating that blocking AR function is still beneficial for patients with HRPC. In addition, AR protein is expressed in virtually all clinical tumour samples examined so far. Thus, how is the AR activated in HRPC?
2 Ligand-independent activation of the AR in HRPC HRPC was once categorized as androgen-independent prostate cancer (AIPC), and this term is still used in the literature. The name comes from the clinical definition of castration as a process that either removes the major production organ of androgens or blocks the production of androgens in patients. Therefore, prostate cancer that relapses after castration should not have enough androgens to activate the AR, indicating that the disease is androgen independent. However, can the AR be activated in HRPC without the help of androgens? It was proposed that the AR could be activated in HRPC through crosstalk with other kinase signalling pathways. Increased mitogenactivated protein kinase signalling, mediated by peptide growth factors or oncogenes such as Her2/neu, was postulated to cause ligand-independent activation of the AR.
By using prostate cancer cell lines as a model system, it was demonstrated that several peptide growth factors could activate the AR under low levels of androgens. In the experiment, charcoal-stripped serum was used [10] . Charcoal stripping reduces the concentration of androgens, leaving approximately 10% of androgens remaining in the serum. Epidermal growth factor (EGF), insulin-like growth factor-1 Figure 1 . Progression from hormone-sensitive to hormonerefractory prostate cancer (HRPC). Advanced prostate cancer is initially hormone sensitive and can be effectively treated by hormone therapy, with either castration and/or anti-androgens. However, almost all patients progress to HRPC, a lethal state of the disease. (IGF-1) and keratinocyte growth factor (KGF) can all activate the AR under conditions of charcoal-stripped serum. An ARresponsive reporter or PSA production was used as readout for these experiments. Based on these data, it was concluded that the AR could be activated in the absence of androgens. These data provide a mechanism for the development and progression of HRPC because increased expression of IGF-1 and IGF-1 receptor is associated with HRPC progression [11] . However, charcoal stripping does not deplete all androgens in the serum. Therefore, another explanation for this phenomenon is that peptide growth factors sensitize the AR to low levels of androgens.
Using prostate cancer xenograft models, it was demonstrated that Her2/neu, a tyrosine kinase receptor of the EGF receptor family, is upregulated in HRPC [12] . Forced expression of Her2/neu maintained growth of prostate cancer cells in charcoal-stripped serum and promoted growth of xenograft tumours in castrated mice. These data indicated that Her2/neu initiates and promotes progression of HRPC. The Her2/neu-promoting effect was proposed to result from androgen-independent activation of the AR, because Her2/neu activated AR transcriptional activity when charcoal-stripped serum was used. However, as described above, charcoal-stripped serum still has low concentrations of androgens, and AR activation may have resulted from increased sensitivity of the AR when Her2/neu is overexpressed. Consistent with this explanation, low concentrations of androgens synergized with Her2/neu to hyperactivate the AR. The increased sensitivity of the AR caused by Her2/neu is because of stabilization of the AR protein and enhancement of AR binding to ARE [13] . These results with Her2/neu may explain how peptide growth factors activate AR transcriptional activity in an environment with castrate levels of androgens.
AR activation by promiscuous ligands in HRPC
Another way to activate the AR in HRPC is by interacting with non-androgen steroids that fail to normally bind and activate the AR. In this situation, the AR can still be activated, even in the absence of androgens. Under normal conditions, the AR can bind to and be activated only by T and DHT. In order to bind to and be activated by other ligands, the ligandbinding pocket of the AR has to be altered such that it has lower binding specificity. This alteration in the AR may be achieved through mutations in the receptor. Therefore, HRPC may harbour AR mutations that alter the ligand specificity.
The first AR mutation was identified in a commonly used prostate cancer cell line, LNCaP [14] . The LNCaP cell line was derived from the lymph node of a patient who had undergone long-term estrogen treatment [15] . The AR in this cell line has a mutation at codon 877, which changes the amino acid from a threonine to an alanine (T877A) [16] . The T877A mutation decreases the ligand specificity of the AR, and, as a result, the mutated AR can bind to and be activated by progestagens, oestradiol and anti-androgens. Therefore, some HRPC tumours may thrive on this mutation, which allows them to benefit from other ligands not affected by castration and/or to escape anti-androgen treatment. Indeed, this mutation was found in 5 of 16 examined HRPC patients who received long-term combined hormone therapies (LHRH for castration and flutamide as an anti-androgen) [17] . The transcriptional activity of the mutant AR was strongly stimulated by the anti-androgen flutamide.
Other AR mutations were also found in HRPC tumours. These mutations are mostly located in the ligand-binding domain, suggesting that these mutations may alter the ligand specificity. Thus, HRPC tumours may utilize these AR mutations to maintain growth in conditions of castration and/ or anti-androgen treatment. In the above-mentioned study, in which 16 tumours from HRPC patients were examined, one patient had a T877S mutation that changed the amino acid from a threonine to a serine, and another patient had a D890N mutation [17] . In another study, point mutations were found in 5 of the 10 examined patients with metastatic prostate cancer in relapse after ablation by castration [18] . The mutations spread across the ligandbinding domain from residue 647 to 896, suggesting that these mutations may alter the ligand specificity. Indeed, using an AR-responsive reporter, it was shown that two of the mutations H877S and H874Y can be activated by progesterone and oestradiol [18] .
Other studies also identified AR mutations in HRPC tumours or cells, and these mutations can also decrease the binding specificity of AR with its ligand [19] . Depending on the treatment options, patient selection, tumour heterogeneity and tissue sources, mutation type and frequency may vary from study to study. However, the mutations identified in HRPC are mostly located in the ligand-binding domain, and these mutations are present in approximately 10%-50% of patients with prostate cancer who experience treatment failure with hormone therapy. Therefore, other mechanisms must exist for activation of the AR in the majority of HRPC cases.
AR activation by overexpression in HRPC
A third way to activate the AR in HRPC tumours is by increasing the concentration of AR in the cells. There will be equilibrium among free androgens, holo-AR and androgen-bound AR. The quantity of androgenbound AR, the activated form of the AR, depends on the available amount of free androgens and holo-AR. When the concentration of the AR increases, it will drive the balance to form more androgen-bound AR, as long as androgens are not limiting. High levels of AR expression were observed in tumours from HRPC patients when cDNA was used to identify AR mutations [18] . In this study, cDNA derived from tissue samples of different HRPC patients was subjected to polymerase chain reaction (PCR) analysis, and the intensity of the PCR product was semi-quantitated by Southern blot analysis. All tissues examined had higher levels of AR than the LNCaP cell line, which expresses a considerable amount of AR. However, this study examined only five HRPC tumours and no hormone-sensitive tumours were used as controls. Therefore, the results do not lead to the conclusion that HRPC has higher levels of the AR than do hormonesensitive tumours.
A direct comparison between HSPC and HRPC tumours was performed using comparative genomic hybridization (CGH) to screen for alterations in the DNA sequence copy number [20] . Of nine HRPC tumours examined, four had an increased copy number of the Xq11-q13 region, a chromosomal region for AR. This DNA alteration was not present in HSPC tissues. Fluorescence in situ hybridization (FISH) was used to further study whether the AR gene was amplified in HRPC tumours by comparing untreated primary tumours and recurrent HRPC tumours from the same patients. Significant AR amplification was observed in 7 of 23 HRPC tumours but in none of the tissues from the same patients prior to hormone therapy. Another study examining HRPC tumours from 54 patients also detected 28% of them having AR amplification, but none of the untreated primary tumours contained this alteration [21] . These results suggest that AR amplification is a common phenomenon in HRPC tumours and that AR amplification emerges during hormone therapy.
To determine whether gene amplification results in AR overexpression in HRPC tumours, real-time quantitative reverse transcription-PCR was used to examine a large series of tumours representative of different clinical stages [22] . HRPC tumours with AR gene amplification had, on average, a twofold higher level of AR expression than their counterparts without gene amplification. These data indicate that the amplified AR gene is transcriptionally active, and that gene amplification can lead to AR overexpression in HRPC tumours. In addition, all HRPC tumours expressed AR and had an average of sixfold higher expression than hormone-sensitive tumours and benign prostate hyperplasia.
Higher levels of AR expression were also observed in HRPC xenograft tumours [23] . Using a DNA microarray to examine gene expression profiles in seven pairs of prostate cancer xenografts that recapitulated the progression of human prostate cancer, it was discovered that the AR was the only gene consistently overexpressed in all HRPC xenografts. Western blot analysis confirmed that AR protein is overexpressed in HRPC xenografts compared with their HSPC counterparts. These data indicate that AR overexpression is a common phenomenon associated with HRPC progression.
Is AR overexpression a cause or a consequence of HRPC progression? If AR overexpression is a cause, forced overexpression of the AR in hormone-sensitive cells should lead to progression of HRPC, and reduced expression of AR in HRPC cells should result in loss of growth under conditions of hormone therapy. Indeed, when hormonesensitive cells were forced to express high levels of AR, the time required for HRPC xenograft tumours to emerge was significantly shortened. These data indicate that AR overexpression is sufficient for HRPC progression [23] . Conversely, reduction of AR expression in HRPC cells through knockdown technology abrogated tumour growth in castrated mice, indicating that AR is necessary for HRPC progression. Therefore, AR overexpression is a cause of HRPC progression.
Is androgen binding required for the AR to promote HRPC progression? To answer this question, two mutations that selectively impair ligand binding, without interfering with ligand-independent functions, were introduced into the AR. Although overexpression of the wild-type AR could lead to HRPC progression, neither AR mutant could do so [23] . These data indicate that HRPC tumours are still ligand-dependent.
How does overexpression of the AR cause HRPC progression? The quantity of activated AR is determined by the concentrations of free androgens and holo-AR. When the concentration of the AR increases, high levels of AR will compensate for the low concentrations of androgens, and enough activated AR would be present to maintain HRPC growth. The AR can also form activated AR, even in the presence of anti-androgens, when AR is overexpressed. Therefore, overexpressed AR will be more sensitive to low levels of androgens, as in castration. Indeed, hormone-sensitive cells with forced overexpression of the AR, but not the control cells, grew in 20 pmol of a synthetic androgen [23] . Forced overexpression of the AR also led to growth resistance for HRPC in the presence of anti-androgens. Consistent with these results, HRPC cells with high levels of the AR could grow in femtomolar concentrations of DHT, but hormonesensitive LNCaP cells could grow only in conditions with androgen concentrations four orders of magnitude higher [24] . In addition, the concentrations of DHT in HRPC tissues decreased by 91% in HRPC tumours compared with androgen-stimulated prostate tissues [25] .
Implications
Although an AR-independent mechanism has been proposed to explain the emergence and growth of some HRPC tumours [26, 27] , most of the data in the literature support the concept that liganded-AR signalling is still required for HRPC tumours. Thus, AR remains a drug target for this lethal form of prostate cancer. Altogether, three mechanisms are proposed as ways of activating the AR in HRPC tumours, including crosstalk with kinase pathways, AR mutations and AR overexpresson. No matter which mechanism is used, ligand binding is still essential for HRPC tumours. Therefore, methods that can regulate AR signalling would be good strategies for treating HRPC cancer. These strategies include reduction of AR expression levels, reduction of androgen levels in the prostate cancer tissue and more efficient androgen competitors. As liganded-AR signalling is regulated by epigenetic factors, including coactivators and corepressors, studies of the epigenetic regulation of AR signalling may provide other targets for treating HRPC cancer.
